To implement any effective odour and corrosion control technology in the sewer network, it is imperative that the airflow through gravity sewer airspaces be quantified. This paper presents a full dynamic airflow model for gravity sewer systems. The model, which is developed using the finite element method, is a compressible air transport model. The model has been applied to the North Head Sewerage Ocean Outfall System (NSOOS) and calibrated using the air pressure and airflow data collected during October 2008. Although the calibration is focused on forced ventilation, the model can be applied to natural ventilation as well.
INTRODUCTION
Hydrogen sulphide (H 2 S) generated by sulphate reducing bacteria is the main cause of odour and corrosion problems in sewer networks. Sydney Water is developing a systematic approach to deal with these problems, which includes monitoring, modelling, chemical dosing and ventilation. Hydraulic modelling has been used as a strategic planning tool for sewer network design and operation for many years in Sydney Water, but sulphide and airflow modelling is relatively new. It will be applied in Sydney Water for effective management of odour and corrosion by optimising chemical dosing and the selection of ventilation sites and capacities. An integrated modelling tool developed includes three main components: (1) hydraulic model (2) air flow ventilation model and (3) sulphide model. Sewer systems are primarily designed to collect and transport sewage effectively and efficiently without regard to what happens to the airspace. Understanding of airflow in sewer systems is very limited at this stage. Limited experiments (Pescod and Price 1978, Witherspoon et al 2009) and modelling (Edwini-Bonus and Steffler 2004, 2006a) were carried out and focused on understanding the dynamics of airflow in a single sewer conduit at steady-state conditions. Their works predicted the airflow due to the water drag on the air and/or pressure difference. EdwiniBonus and Steffler (2006b) attempted to build a framework for a network based model. Although the paper has demonstrated the applicability of the method to the Kenilworth sewer system in the City of Edmonton, it is a steady-state theoretical approach and never becomes a computer model. SKM (SKM 2007) used a similar principle and developed an Excel based ventilation model to estimate the airflow and pressure in the North Head Sewerage Ocean Outfall System (NSOOS) for any fan extraction rate adopted at the North Head STP. However, this model is also only applicable to steady-state cases and is not flexible enough to be readily applied to other sewer networks.
This paper presents the newly developed full dynamic ventilation model for gravity sewer networks. The model is able to simulate all main processes in the transport of air within the gravity sewer systems including:
• The change of air volume in sewers due to the fluctuation of the water level;
• The movement of air due to pressure differences; • The movement of air due to gravity of air;
• Drag force of the liquid on the air;
• Friction between the air and the pipe walls; • Turbulent eddy viscous force;
• The compressibility of the air due to the density change caused by pressure and/or temperature changes; • Air in or out flow through vents or leaks depending pressure difference.
FUNDAMENTAL GOVERNING EQUATIONS
A gravity sewer network usually comprises of links (horizontal pipes) and nodes (manholes). There are separate equations governing the dynamic airflow in the links and nodes. Details of governing equations are described in sections below.
Airflow in the pipe
For each link, the airflow is governed by the following equations.
Momentum equation
Where 1 f and 2 f are the drag force of water on air and the friction force between the air and the pipe wall, respectively, and they can be expressed as 
Where A is the full cross section area of the pipe and A W is the cross section area of water, which is generated from the results of simulation of the sewer hydraulic model of the water transport.
Continuity equation
Advection diffusion equation
Where T θ is the thermal source/sink term and x D is the diffusivity. T is temperature in o C.
State equation
. At this stage, dry air is assumed.
Airflow in the nodes
For each node, the flow and pressure conservations have to be satisfied. The continuity equation for node is expressed as
Where A V is the air volume in the node. Q represent the air density and inflow/outflow of ith link connected to the node, respectively. L Q is the leaking flow rate into the node through pick holes and/or gaps between manhole and cover. It can be modelled using the standard orifice equation as
Where S is a factor, which equals to the area of the gap multiplying a constant of value less than one. p a is the ambient pressure outside of the node.
All boundary conditions are applied at nodes. Nodes in the network can be defined as open or closed. The default boundary condition for open nodes is applied with the ambient pressure. Either pressure or airflow profile can be added at any open nodes. Wind induced pressure change can be pre-calculated and applied as a pressure profile.
FINITE ELEMENT FORMULATION
The model was implemented using the finite element method and the Newton-Raphson method is used to solve the nonlinear dynamic equations. The general finite element approach to this model is identical to that utilised for RMA hydrodynamic model (King 1993) . Details of the finite element derivations are presented in Appendix A.
The finite element mesh (i.e. model network) is automatically generated from the sewer hydraulic model network. Dynamic parameters related to the sewer flow are also automatically generated from the results of the simulation of the sewer hydraulic model together with other boundary conditions discussed in the previous section.
MODEL APPLICATION AND CALIBRATION
The model has been applied to the North Head Sewerage Ocean Outfall System (NSOOS) as show in Figure 1 . The main trunk is mainly gravity sewer, but divided by the Lane Cove and Spit siphons into three sections. Therefore, air cannot flow freely among these three sections. Currently only the section from the Spit siphon to the North Head STP (about 5.7 km) is ventilated by air extraction at the STP (see the inserted diagram in Figure 1 ). The air induct vent is at the downstream leg of the Spit siphon. The other two sections are naturally ventilated.
Two monitoring sites, as indicated by the green triangles in Figure 1 , were setup to collect air pressure, air velocity, air temperature, air phase H 2 S, sewer velocity, sewer depth, sewer temperature and sewer pH over a period from 16 th September to 11 th November 2008. All measurements were recorded at 15 minutes time interval. For the airflow model, the calibration is focused on the section from the Spit siphon to the North Head STP. However, the airflow model generated covers all sections, so it is applicable to natural ventilation as well. There are two boundary conditions required for this simulation. The first is the pressure boundary condition at the vent shaft near the Clontarf monitoring site. In this case, the ambient pressure minus 2 Pa was applied. The value of 2 Pa is the sudden air pressure loss due to the force required for keeping the damper open at the vent shaft inlet.
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The second boundary condition is the flow rate at the outlet shown as green circle in Figure 1 to simulate the air extraction from the fan at the North Head STP. Due to the complex configuration of air extraction at the North Head STP, the air extraction is shared between the North Head STP and NSOOS. The portion of airflow between the STP and NSOOS can be adjusted by moving the brattice gate at the STP. There is no record showing when and how much the brattice gate was moved, so the actual airflow rate from NSOOS is unknown. To account the variation of pressure on the fan flow rate and possible change of flow portion between the STP and NSOOS, a variable airflow rate as a function of the water depth was applied. It can be expressed as
Where H t is water depth at time t. H Avg , H Max , and H Min are average, maximum and minimum water depths over the simulation period at the outlet, respectively. The values of 8.5 kL/s and 0.1 in equation (10) was obtained from the trial and error approach as part of the model calibration process. The other main calibration parameters include friction factor, f C , drag factor, f D , leak factor, S. In this case, the drag factor is usually one magnitude order less than the friction factor, so it has little effect on the airflow results in the forced ventilated gravity sewer. After testing a wide range of parameter values, the values adopted are f C =0.0052, f D =0.0005 and S=0.3.
The comparison of the model results with the measured data for both pressure and airflow at two data collection sites is shown in Figure 4 and Figure 5 . In general, these figures show that the model results compare well with the measured data. The measured data shows a sudden increase of airflow after 9 th October 2008 at both monitoring sites. Since the sewer flow and depth do not change, it is likely due to possible change of configuration at the STP. The airflow model did not include this change in the boundary condition, so the difference between the predicted and measured increased after 9 th October 2008. 
CONCLUSIONS
A full dynamic airflow model for gravity sewer networks is presented. It is the first full dynamic network based airflow model for this application. It has been integrated with sewer hydraulic model. The airflow model network is automatically generated from the sewer hydraulic model network. Any dynamic parameters related to the sewer flow are also automatically generated from the results of the simulation of the sewer hydraulic model together with other boundary conditions.
The model has been applied to the NSOOS system and calibrated using the air pressure and airflow data collected during October 2008. Although the calibration is focused on the forced ventilation, the model can be applied to natural ventilation as well. 
Where N is the shape function of a three node line element.
Continuity equation
Where M is the shape function of a two node line element.
Advection-diffusion equation
Derivatives of momentum equation 
